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       EFFECT OF PLASTIC DEFORMATION ON IONIC 
          CONDUCTIVITY OF SILVER CHLORIDE
                              BY 1~7Y05HI S IMIaU
                                (Rrreived June 30, 1960) 
            Plastic deformation of AgCI crys[alat room temperature produced a conductivity 
         increase that varied with strain. The conductivity increase r covered slowly at 
         temperatures of the extrinsic range. The conduttivity increase was mainly ascribed 
         [o the increase of the concentration Gi silver ion vacancies freed by thebreaking 
        up of the compleaes associated with multivalent metallic impurities and produced 
        by moving dislocations, and the recovery was attributed tothe bimolecularreaction 
         between the silver ion vacancies andtae traps. For thoroughly recovering the 
         conductivity increase, it was necessary to anneal the deformed crystal at higher 
        temperatures. In the range of these temperatures, the recovery of the conductivity 
        increase corresponded to the disappearance of the birefringent bands.
                               Introduction 
   IC is well known that the darkenability of color centers in alkali halide increases by the 
plastic deformation. The same phenomena~> re observed in the silver chloride crystal. In the 
cold worked crystal, silver colloids produced attte surfaces by the photolysi5 diffuse into the crystal 
and disperse in smaller particle size at the moderate t mperature (200°~300`C). But, in [be 
annealed crystal the silver colloids are rather bleached to some aten[. From the above, we may 
expect that the plastic deformation would produce in the crystal many defects, uch as vacancies, 
interstitial ions and dislocations, which are favorable to [be dispersion of silver colloids. These 
defects are also important faztors for the ionic conduttivity a[ temperature of the extrinsic region 
so that the plastic deformation produces same ffects that might lead to an increase in [he ionic 
conductivity. The ionic conductivity a is Gften giveu by the following formula, 
                           a=neuo exp (-E/kT) (1 ) 
where, 
      n, concentration f chazge carriers 
      e, chazge of an electron
       up, CenStant 
     E, activation energy of mobility 
      k, Boltzmann constant 
      T, absolute temperature 
and n and E may be the functions of degree of cold-work and of time of annealing. 
    /) R. Kiyama nd R, Shimizu, Tbit Journal, 25, 41 (1955)
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   In the problem of the variation of the ionic conductivity by plastic deformation, investi-
gators have not always been in accord as well for the experimental results as their interpretations. 
Gyulai and Hartly?1 observed for the first that [he conductivity of sodium chloride was increased 
by a factor of 10 to 100 6y plastic deformation at the ordinary temperature. This increase 
decayed rapidly with the lapse of time. Seitzs> interpreted the results of Gyulai and Har[ly as 
an enhancement of the ionic conductivity resulting from the production of free lattice vacancies 
by moving dislocations during the deformation and as the decay being due [o the association of 
the positive and negative ion vacancies. Recently, Johnston+> found that the plastic deformation of 
silver bromide at and below room temperature produced a conductivity increase that varied linearly 
with strain and Burmeistet> studied the effect of plastic deformation on the conductivity of the 
potassium chloride containing calcium ions. These authors attributed the conductivity increase Co 
a low atGvalion energy in the regions of disorder (groups of dislocations) that were introduced 
by the deformation. 
   Now, the author has investigated the effect of plastic deformation an the ionic conductivity 
of silver chloride crystal in reference to the optical resultst> and observed the conductivity increase 
by deformation and its recovery at temperatures of the extrinsic range.
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AgCI precipitate was digested with HCI, washed with voluminous water and dried a[ 130°C. 
   Single crystal was grown by Kyropoulos' method and annealed at 400°C for 10 hours. In 
order to obtain the specimen far this investigation, the plates of AgCI crystal were sawn from 
the same crystal block with the saw blade of tungsten-steel. The surface of the plate was removed 
with a. Na,SoO~ solution. Then, the specimen was finished in dimensions of Ix3x8mm with a 
glass plate and a NarS,O, solution. After finishing, the specimens were annealed at 400°C for 
IO hours and tooled very slowly in the furnace. 
   Conductivity measurements were made in a silicone oil bath by means of a capacitance bridge 
at 1;000 cps as shown in Fig. 1. Electrodes were applied with silver paint. 
   Plastic deformation was given by a vice with a displacement indicator at room temperature 
(about 15°C). and it was checked by polarized light if the strain had been given homogeneously. 
It was one hour before the conductivity measurement was commenced. 
   All the manipulation was performed undei the photochemically inac[ivelight.
                               Resulks 
   The ionic conductivity i5 characterized bythe variation of temperature. As shown in Fig. 2, 
there were two ranges of temperature for the curve of conductivity o and [he plots of logo 
against the reciprocal of the absolute temperature 1/T gave straight lines in both ranges. In 
the range of high temperature, the conductivity did not exhibit [be individuality of the specimens, 
that is intrinsic, but, the conductivity depended on the history of the specimens in the range of 
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the single crystals do and there was some variation between the single crystal No. 1 and No. 2. 
The slope of logo^-1/T curve gives the activation energy of mobility as mentioned in the 
introduction. The activation energies are 0.g3eV in [he intrinsic range and 0.27eV in the extrinsic 
range respectively. The activation energy in the extrinsic range did not differ among the 












Fig. 3 Conductivity increase of AgCI by 1~,~ 
plastic de[ormation and recovery at 1SC
Dotted line shows the 
fore deformation.
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   In Pig. 3 is shown the conductivity increase by plastic deformation and 
condut[ivity was increased remarkably by plastic deformation. Its recovery 
rapidly, but the rate decreased gradually with the lapse of recovering time. 
recovery, the conductivity was almost constant. 
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The Review of Physical Chemistry of Japan Vol. 30 No. 1 (1960)
           Effect of Plastic Ihformalion oa Ionic Conductivity of Silver Chloride 5 
   The conductivity was increased with increasing strain and in Fig. 4 is. shown the strain 
dependence of the conductivity inaease after 24 hours' recovery at 2i'C. As iaga^-IJT curves 
in deformed specimens have the same slope as the undeformed specimen, this indicates that the 
activation energy does not depend on the degree of strain. 
   As mentioned above, the conductivity increase produced by plastic deformation recovered 
slowly at temperatures of the extrinsic range. Fig. 3 shows the recovery of the spedmens at 
25°, 30° and 40°C. which were given 17% deformation at 1~ C. The rate of recovery increased 
with increasing temperature and decreased with the lapse of time at each temperature. In eacL 
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   In Fig. 6 are shown the log7o^-1/T curves at so 
dependence of the conductivity increase a•as equivalent 
indicates that the activation energy does aoc vary with th 
energy was equal to the uadeformed specimen. 
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Fig. 6 Conductivity increase at various 
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    After 24 hours recovery at temperatures of the extrinsic range, the specimens were observed 
qualitatigely with polarized light. The birefringent bands of these specimens did not differ so 
much from those in the initial state. These specimens were annealed at 200°C for 5 hours, but 
the hands did not disappear thoroughly and some bands remained. For thorough disappearance, 
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at high temperatures corresponding to the above mentioned optical observation. The measure-
ments were made at 2s`C. The conductivity was decreasing with the lapse of annealing at 
200`C, but the increment of conductivity da considerably remained after 5 hours. At last, this 
conductivity recovered $y annealing a[ 400'C for 5 hours. The degree of [he recovery of the 
conductivity roughly corresponded to that of the disappearance of [he birefringent bands. 
                                Considerations 
   I[ Las been considered Chat in the silver halide crystal the predominant lattice defect is the 
Fienkel defect. consisting of a silver interstitial ion and a sih~er ion vacancy, and that the silver 
ion vacancy must play a key pazt in the diffusion process at the temperatures of the extrinsic 
ranger]. As mentioned in the introduction, at a coustaa[ temperature the conductivity is a function 
of the concentration of charge carriers and the activation energy of the mobility which might be 
influenced by plastic deformation. But the experimental results showed that the activation energy 
of the mobility of thedeformed crystal did not vary with Che degreeof strain and floe degree 
of recovery and its value was equal to that of the undeformed crystal. Therefore, the conductivity 
increase by plastic deformation should be attributed to the increase of the concentration of Charge 
carriers and the charge carriers in the deformed crystal would also mainly consist of the silver 
ion vacancies, which were freed by breaking up the complexes associated with multivalent metallic 
impurities by moving dislocations and produced by the moving of dislocations during the plastic 
deformation. This assumption does not seem unreasonable, as the concentration of impurities 
would not be more than about t015-,-1018(cm' even if the conductivity increase is entirely ascribed 
to the silver ion vacancies freed by breaking up the associated complexes, and also it is considered 
    7) W. D. Compton and R. J. Maurer, J. Phys. Chem. Solids, 1, I91 (1956)
                                n= 
                                        t - nuexP- (nr-ne~yrt 
                                        nr 
It follows, from nr-n,c=n., that 
                     1- n =nntexP(-n..k!)=Aexp(-k't), 
t where A=nrt/n;, and n..k=k'. 
   Now, as the conductivity is proportional Yo [be concentration of 
Equation (4) can be put into the form 
n with ~'-°= 
     n a'
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that the energy of formation of vacancy would be, as a rule, smaller than that of interstitial ion 
by the moving dislocations. 
   In the process of recovery at temperatures of the extrinsic range, the recoveryof the con---
ductivity inaease may be due to the recombination of the silver ion vacancies with- other im-
per(ections, 'traps, and this process may be treated as the bimolecular reaction between the silver 
ion vacancy and the traps. Namely, the rte of decreasing of the concentration of silver ion. 
vacancies, -~ s given by the following equation: 
                          -dn = knn, = kn (nn - nr ~{- n). (? )                   d
t 
where n is a concentration of silver ion vacancies; nr is a concentration of traps; k is a rate 
constant; t is a recovery time; and suffix i indicates the initial state (t=0). The solution of 
Equation (2) is 
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   log~l-°-°°) is a linear function of recovery lime t and the slope of logl l-°=)-~tcurve 
           a \ a 
gives the value of k'. 
   In Fig. 8, the xperimental resul s of ogh-°r) are plotted against recovery time t. The 
0 plots are linear and can be fitted with Equation (5). Then, the values of k' are calculated from 
the slopes of the straight lines in Fig. 8. The plot of log k' against the reciprocal of the absolute 
temperature 1/T is shown in Fig. 9. The plot is linear and its slope gives the apparent acti-
vation energy of 0.20 eV, supposing that the nm does not vary with recovering temperature. 
    It may be considered that there are four possibilities as the traps for the recombination of
silver ion vacancies, 1) silver interstitial ions. 2) chlorine ion vacancies, 3) mutivalent metallic 
impurities and 4) jogs of dislocations. In comparison with the activation energy obtained is 
this experiment, the activation energy would 'se smaller in the case of recombination of silver 
ion vacancies with silver interstitial ions4> and larger in the case of recombination with chlorine 
ion vacancies. 
   It would be expected [ha[ the jogs of dislocations are good traps of silver ion vacancies. 
But according to [he optical results of the silver colloidstl, [he deformed crystal provided many 
good traps, which would be the jogs, for the formation of colloids even alter long recovery time 
at room temperature, and in order to annihilate the [raps, it was necessary to anneal [be deformed 
crystal for a long time at temperatures of the intrinsic range. The same heat treatment was 
also necessary for the disappearance of the birefringent bands corresponding with the recovery of 
the conductivity increase. Therefore, the jogs would not play an important part for traps in 
this recovery process, but in the process of recovery at higher temperatures. 
   It is reasonablc to consider that this process would be mainly due to the recombination of
silver ion vacaocies with multivalent metallic impurities. In alkali halide crystals, the activation 
energy for association o[ positive ion vacancies with divalent impurities is about 0.4eVss), 
As the dielectric onstant for silver chloride is about two fold larger than that of alkali halide 
(12.3 for AgCI, in contrast with 5.62 for NaCI and 4.68 for KCI), it ran be roughly estimate 
that the activation energy in [he case of silver chloride is about a half of that alkali halide and 
the value is in good agreement with the eaperimental result, OZOeV. 
   The author has great pleasure in expressia3 his sincere thanks to Prof. 1Vasaburo Jono for 
his valuable guidance and encouragement during the course of the investigation. 
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